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Introduction {#chem201904962-sec-0001}
============

Polycyclic aromatic hydrocarbons[1](#chem201904962-bib-0001){ref-type="ref"} with multiple helicene substructures are of special interest for synthetic and materials chemists owing to their unique chiroptical and nonlinear optical properties, structural beauty, and synthetic challenge.[2](#chem201904962-bib-0002){ref-type="ref"} These interests have been fueled by their potential applications[3](#chem201904962-bib-0003){ref-type="ref"} as circularly polarized light (CPL) emitters in OLEDs,[4](#chem201904962-bib-0004){ref-type="ref"} CPL responsive OFETs,[5](#chem201904962-bib-0005){ref-type="ref"} spin filters,[6](#chem201904962-bib-0006){ref-type="ref"} and photoswitches.[7](#chem201904962-bib-0007){ref-type="ref"} In the past few years, there has been a great advancement in the synthesis of these class of compounds.[8](#chem201904962-bib-0008){ref-type="ref"} PAHs with double,[9](#chem201904962-bib-0009){ref-type="ref"} triple,[10](#chem201904962-bib-0010){ref-type="ref"} quadruple,[11](#chem201904962-bib-0011){ref-type="ref"} quintuple,[12](#chem201904962-bib-0012){ref-type="ref"} and sextuple[13](#chem201904962-bib-0013){ref-type="ref"} helicene subunits (\[4\],[10a](#chem201904962-bib-0010a){ref-type="ref"} \[5\],[9d](#chem201904962-bib-0009d){ref-type="ref"}, [10c](#chem201904962-bib-0010c){ref-type="ref"}, [13f](#chem201904962-bib-0013f){ref-type="ref"}, [13g](#chem201904962-bib-0013g){ref-type="ref"}, [14](#chem201904962-bib-0014){ref-type="ref"} \[6\],[9e](#chem201904962-bib-0009e){ref-type="ref"}, [11b](#chem201904962-bib-0011b){ref-type="ref"}, [12b](#chem201904962-bib-0012b){ref-type="ref"} \[7\],[9a](#chem201904962-bib-0009a){ref-type="ref"}, [9c](#chem201904962-bib-0009c){ref-type="ref"}, [13b](#chem201904962-bib-0013b){ref-type="ref"}, [13c](#chem201904962-bib-0013c){ref-type="ref"}, [13e](#chem201904962-bib-0013e){ref-type="ref"} or \[9\][13a](#chem201904962-bib-0013a){ref-type="ref"} helicenes) have been achieved. Despite this enormous synthetic success, however, the studies of this class of compounds are still limited by separation of their enantiomerically pure forms in minute quantities and investigation of their chiroptical properties by circular dichroism (CD) and circularly polarized luminescence spectroscopy, and these compounds have rarely been used for any application purposes.

The nonstereoselective synthesis of PAHs with *m*, number of helicene substructures, can possibly yield ≤2^*m*^ stereoisomers depending on the symmetry and stereodynamics of the molecule. The asymmetric synthesis of PAHs with multiple helices is yet to be developed.[2b](#chem201904962-bib-0002b){ref-type="ref"} By employing the nonasymmetric synthesis, the obtained mixture of enantiomers is usually separated with the help of HPLC employing chiral stationary phase columns. These are very expensive and their cost increases dramatically on moving from the analytical to semipreparative and preparative scale. Additionally, there is no universal column that could be used for the same class of molecules. Often even for the compounds with a very similar structure, the baseline separation cannot be achieved with the same column. Moreover, the large structure and limited solubility makes the separation of such compounds into enantiomers cumbersome. This issue can be considered a great hurdle in transforming these structural beauties into applications.

Herein, we describe the bottom‐up stereospecific synthesis of a novel enantiomerically pure propeller‐shaped molecule possessing six helicene substructures comprising three \[7\]helicene and three \[5\]helicene subunits. Our synthetic design takes advantage of thermodynamic control of reaction and kinetic (un)stability of \[*n*\]helicenes. The synthesized compound was fully characterized by 1D and 2D NMR, UV/Vis absorption and emission, optical rotation (OR) and circular dichroism (CD) spectroscopy, MALDI‐TOF mass spectrometry, and single‐crystal X‐ray diffraction. The nonlinear optical properties were investigated by two‐photon absorption experiments using linearly and circularly polarized light.

One of the best studied examples of multihelicene compounds is sextuplet helicene **1** reported by group of Kamikawa and Gingras independently[13f](#chem201904962-bib-0013f){ref-type="ref"}, [13g](#chem201904962-bib-0013g){ref-type="ref"} at the same time (Figure [1](#chem201904962-fig-0001){ref-type="fig"}). The six helicene subunits in **1** give rise to 20 possible stereoisomers, namely, 10 pairs of enantiomers. Interestingly, Kamikawa\'s palladium‐catalyzed room‐temperature synthesis afforded exclusively diastereomer **1 a**, which upon heating for only three hours at 100 °C transformed into diastereomer **1 b**. Gingras' nickel‐mediated Yamamoto‐type reaction at 120 °C resulted in a mixture of diastereomers, which were also transformed exclusively into diastereomer **1 b** when heated at the same temperature for 30 min. The sole formation of diastereomer **1 b** at higher temperature can be attributed to its much higher thermodynamic stability in comparison to the other stereoisomers and labile configuration of \[5\]helicenes[15](#chem201904962-bib-0015){ref-type="ref"} (Δ*G* ^≠^ (298 K)=24.1 kcal mol^−1^). Preferred formation of the thermodynamically most stable stereoisomers was also observed in the course of the synthesis of other multihelicene compounds at higher temperatures.[13c](#chem201904962-bib-0013c){ref-type="ref"} Despite the formation of a single diastereomer, the challenge to resolve its enantiomers by HPLC with chiral stationary phase columns remains. This challenge has already been faced by Kamikawa, who resolved isomer **1 b** into enantiomers. The attempts to resolve **1 a** were not successful.[13g](#chem201904962-bib-0013g){ref-type="ref"}

![(a) Kamikawa\'s and (b) Gingras' synthesis of sextuple helicenes obtained as the thermodynamically most stable single pair of enantiomers out of 20 possible stereoisomers.](CHEM-25-16241-g001){#chem201904962-fig-0001}

Recently, we investigated the trend of configurational stabilities among \[*n*\]helicenes (*n=*4--11) and found an exponential increase in configurational stability when increasing the number of *ortho*‐fused rings (*n*).[16](#chem201904962-bib-0016){ref-type="ref"} \[*n*\]Helicenes with *n*\>6 are configurationally stable even at elevated temperatures. If in Gingras' synthesis of **1 b** the 7,8‐dibromo\[5\]helicene is replaced by configurationally stable and enantiomerically pure 9,10‐dibromo\[7\]helicene (*M* or *P*), one should obtain sextuple helicene as a single enantiomer benefiting from the configurational stability of \[7\]helicene and flexibility of \[5\]helicene.

The enantiopure 9,10‐dibromo\[7\]helicene was synthesized[17](#chem201904962-bib-0017){ref-type="ref"} from the optically pure 1,1′‐bi‐(2‐phenanthrol) in four steps with retention of configuration and optical purity. The latter compound can be accessed in an enantiopure form by asymmetric catalysis or with the help of chiral auxiliaries.[18](#chem201904962-bib-0018){ref-type="ref"} To our delight, the nickel‐mediated Yamamoto‐type \[2+2+2\] cyclotrimerization of (*M*)‐9,10‐dibromo\[7\]helicene (***M*** **‐2**) at 110 °C formed exclusively diastereomer (*M,M,M,P,P,P*)‐**3** in enantiomerically pure form (Scheme [1](#chem201904962-fig-5001){ref-type="fig"} a) in 57 % yield. At this temperature, the \[7\]helicene subunit has a half‐life for enantiomerization of 1.8×10^9^ min;[15](#chem201904962-bib-0015){ref-type="ref"}, [19](#chem201904962-bib-0019){ref-type="ref"} therefore, \[7\]helicene subunits do not undergo enantiomerization under these conditions. On the other hand, the newly formed \[5\]helicene subunits are still configurationally flexible. Restricting the configurational resilience to only \[5\]helicenes limits the number of theoretically possible stereoisomers to four diastereomers, *C‐2* symmetric (*M,M,M,P,P,M*) and (*M,M,M,P,M,M*), and *[d]{.smallcaps}‐3* symmetric (*M,M,M,P,P,P*) and (*M,M,M,M,M,M*), unlike the 20 stereoisomers of **1**. The exclusive formation of diastereomer (*M,M,M,P,P,P*)**‐3** can be rationalized when considering the relative thermodynamic stability of each stereoisomer (Scheme [1](#chem201904962-fig-5001){ref-type="fig"} b). (*M,M,M,P,P,P*)**‐3** is 15 kcal mol^−1^ lower in energy than the energetically adjacent stereoisomer (*M,M,M,P,P,M*)**‐3**. The energy difference between the thermodynamically most and least stable stereoisomer is 23 kcal mol^−1^. Compound (*M,M,M,P,P,P*)**‐3** can be easily synthesized in gram quantities and purified by routine silica gel column chromatography using petrol ether/toluene (1:1) as an eluent. The structure and purity of (*M,M,M,P,P,P*)**‐3** could be unambiguously confirmed by 1D and 2D NMR spectroscopy and MALDI‐TOF mass spectrometry.

![(a) Stereospecific synthesis of enantiopure PAH **3** and (b) relative energies of the four possible diastereomers.](CHEM-25-16241-g007){#chem201904962-fig-5001}

Each proton and carbon signal could be assigned with the aid of 2D NMR (COSY, NOESY, HMBC, and HSQC) experiments, which confirmed the structure of compound **3** (Figures S5--S8). The assignment of proton resonances is shown in Figure [2](#chem201904962-fig-0002){ref-type="fig"}. The downfield shift of proton *h* is due to the steric interaction in the *fjord* region of the helicene subunits, which is in consistent with that of \[5\]helicenes. Moreover, the presence of only eight signals indicates the higher *[d]{.smallcaps}‐3* symmetry of the molecule. At this point, the formation of *C‐2* symmetric isomers could be completely ruled out. Later, the single‐crystal X‐ray analysis, OR, and CD spectroscopic data supported by (TD)‐DFT calculations (vide‐infra) conferred the structure to that of diastereomer (*M,M,M,P,P,P*)**‐3**. The other enantiomer (*P,P,P,M,M,M*)**‐3** is obtained when the synthesis is started with enantiopure (*P*)‐9,10‐dibromo\[7\]helicene instead of the (*M*)‐isomer.

![^1^H NMR spectrum of (*M*,*M*,*M*,*P*,*P*,*P*)‐**3** in CDCl~3~ at 298 K and assigned corresponding proton signals (residual solvent CHCl~3~ peak and satellite peaks are marked with an asterisk). Top left: experimental and simulated high‐resolution MALDI mass isotopic pattern.](CHEM-25-16241-g002){#chem201904962-fig-0002}

Single crystals of homochiral molecule (*M,M,M,P,P,P*)‐**3** were grown by a slow diffusion of hexane into a solution of **3** in toluene in an NMR tube. Compound **3** crystallizes in the chiral orthorhombic *P*2~1~2 ~1~2~1~ space group (Figure [3](#chem201904962-fig-0003){ref-type="fig"}). Similar to **1 b**, compound **3** also exhibits an extremely twisted structure and highly deformed benzene ring (B), which adopts twisted chair‐like conformation. The crystal packing analysis revealed the slipped stacking arrangement of molecules held together by π--π interactions (Figure S9, Supporting Information).

![Solid‐state structure of (*M*,*M*,*M*,*P*,*P*,*P*)‐**3**. Thermal ellipsoids are shown at the 50 % probability level.](CHEM-25-16241-g003){#chem201904962-fig-0003}

The UV/Vis absorption and emission spectra of (*M,M,M,P,P,P*)**‐3** in chloroform, THF, and toluene are nearly identical, indicating no solvatochromism (Figure S1, Supporting Information). Compound **3** exhibited similar photophysical properties as **1 b**. The calculated optical energy gap of **3**, 2.33 eV, from the onset of absorption spectrum (535 nm) is marginally smaller than that of **1 b** (2.38 eV). The absorption maximum in the visible range is, however, redshifted by 50 eV with nearly double molar absorptivity (Figure [4](#chem201904962-fig-0004){ref-type="fig"}, *λ* ~max~=418 nm, *ϵ*=77,276 [m]{.smallcaps} ^−1^ cm^−1^). To get an insight into electronic transitions, the absorption UV/Vis spectrum was analyzed with the aid of TD‐DFT at B3LYP/6‐31G(d,p) level. The calculated absorption spectrum is red‐shifted by 41.3 eV compared to experimental spectrum. The significant extension of π‐conjugation upon replacing three \[5\]helicene units with three \[7\]helicene units resulted in only a small decrease of the calculated HOMO--LUMO energy gap (3.14 eV for **3** and 3.33 eV for **1 b**). This trend is also observed in naked carbo\[*n*\]helicenes.[20](#chem201904962-bib-0020){ref-type="ref"} Interestingly, the HOMO and LUMO frontier molecular orbitals are energetically degenerate with the HOMO−1 and LUMO+1 orbitals, respectively. While the calculated maximum absorption in the visible range (447 nm, oscillator strength (*f*)=1.05) is mainly stemming from the HOMO−1→LUMO, HOMO→LUMO+1, HOMO−1→LUMO+1, and HOMO→LUMO transitions, the lowest energy absorption (473 nm, *f*=0.10) is mainly from the HOMO−1→LUMO, HOMO−1→LUMO+1, and HOMO→LUMO transitions. The emission spectrum of **3** is redshifted by 46 eV compared to **1 b** with similar fluorescence lifetime (5.22 ns) and slightly enhanced quantum yield (7.3 %).

![Measured UV/Vis absorption (blue line, *c=*1.4×10^−5^  [m]{.smallcaps}) and emission (red line, *c=*1.4×10^−5^  [m]{.smallcaps}, *λ* ~ex~=410 nm) spectra of (*M*,*M*,*M*,*P*,*P*,*P*)**‐3** in chloroform. Calculated (vertical gray lines) UV/Vis spectrum (TD**‐**DFT/B3LYP/6‐31G(d,p)).](CHEM-25-16241-g004){#chem201904962-fig-0004}

Another interesting feature of PAHs with multiple \[*n*\]helicene units is the OR value. (*M,M,M,P,P,P*)**‐1 b** exhibited a specific OR ($\left\lbrack \alpha \right\rbrack_{D}^{22}$ ) of +495°, which is much smaller than that of (*M*)**‐**\[5\]helicene[21](#chem201904962-bib-0021){ref-type="ref"} (−1670°) and could be elucidated from the presence of three *P* and three *M* helicene units. Moreover, the observed net positive value of optical rotation was attributed to the more pronounced helical twist of internal *P* helicene units. These inferences are further confirmed by the observed specific OR ($\left\lbrack \alpha \right\rbrack_{D}^{23}$ ) value of −222° (*c=*0.047, CHCl~3~) for (*M,M,M,P,P,P*)‐**3**. (*M*)**‐**\[7\]Helicene[21](#chem201904962-bib-0021){ref-type="ref"} has a much larger specific OR of −6200°. Despite the more pronounced helical twist of internal (*P*)‐\[5\]helicene, the much larger OR value of external (*M*)‐\[7\]helicene resulted in the net negative value. The assigned absolute configuration of (*M,M,M,P,P,P*)**‐3** is further confirmed by the reproduced experimental ECD spectrum with TD‐DFT calculations (Figure [5](#chem201904962-fig-0005){ref-type="fig"}). Similar to OR, the negative cotton effect in the low energy region (460 nm, Δ*ϵ*=−72 [m]{.smallcaps} ^−1^ cm^−1^, *g*=Δ*ϵ*/*ϵ*=3.3×10^−3^) stems from the external (*M*)**‐**\[7\]helicene units. The anisotropic factor *g* is in the order of 10^−3^ through the complete spectral range.

![Experimental (blue line, *c=*1.4×10^−5^  [m]{.smallcaps}) and calculated (black vertical lines and gray line, TD**‐**DFT/B3LYP/6‐31G(d,p)) ECD spectrum of (*M*,*M*,*M*,*P*,*P*,*P*)‐**3** in chloroform.](CHEM-25-16241-g005){#chem201904962-fig-0005}

Previously, it was observed that the solvent polarity has a large influence on the two photon cross‐section value.[22](#chem201904962-bib-0022){ref-type="ref"} Therefore, the two‐photon absorption (TPA) cross‐section of (*M,M,M,P,P,P*)**‐3** was measured in two solvents with a large difference in polarity, THF, and toluene, via two‐photon induced fluorescence relative spectroscopic technique (Figure [6](#chem201904962-fig-0006){ref-type="fig"}). The observed overlap between one‐ and two‐photon absorption spectra is, on one hand, attributed to the noncentrosymmetric molecule, in which the parity selection rule does not hold. On the other hand, it is caused by the high density of states, see Figure [4](#chem201904962-fig-0004){ref-type="fig"}. The maximum non‐linear absorption occurs at higher energy transitions when compared with the linear absorption maximum. This is in consistent with previously published TPA data.[23](#chem201904962-bib-0023){ref-type="ref"} The maximum TPA cross‐section of (*M,M,M,P,P,P*)‐**3** is 436 GM in toluene, which increased by a factor of 1.2 to 517 GM in high polarity solvent THF. Two‐photon excitation was verified by log--log plots of fluorescence intensities vs. excitation power at various wavelengths, all gave slopes of 2 (Figure S3, Supporting Information). The higher two‐photon induced fluorescence signal is recorded upon excitation with CPL rather than linearly polarized light (Figure S3, Supporting Information). This indicates that the ratio of the TPA cross‐section for circularly and linearly polarized excitation is greater than 1 (Ω\>1), which can be attributed to opposite symmetry of ground and excited states.[24](#chem201904962-bib-0024){ref-type="ref"} This is in concomitance with the observed overlap of one‐ and two‐photon absorption spectra.

![One‐photon (blue lines) and two‐photon (red lines) absorption spectra of (*M*,*M*,*M*,*P*,*P*,*P*)‐**3** in THF (solid line) and toluene (dotted line).](CHEM-25-16241-g006){#chem201904962-fig-0006}

In summary, we have successfully achieved the stereospecific synthesis of a large propeller‐shaped PAH, (*M,M,M,P,P,P*)**‐3**, in gram quantities and in an enantiomerically pure form, benefiting from the configurational stability of \[7\]helicene units and flexibility of \[5\]helicene units at elevated temperatures. The exclusive formation of (*M,M,M,P,P,P*)‐**3** out of the twenty possible stereoisomer is rationalized by the thermodynamic control of the reaction and kinetic flexibility of \[5\]helicene units under the given reaction conditions. The highly twisted structure of (*M,M,M,P,P,P*)‐**3** offers unique photophysical and nonlinear optical properties. Additionally, our findings provide an insight into how the OR values are changed in propeller shaped PAHs with multiple helicene subunits, this will be a guide in designing the molecules with larger OR. We believe that access to optically active compounds, such as **3**, in large quantities will push their applications in organic electronic devices.
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